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films

J. A. Girén-Sedas' and Francisco J. Rodriguez-Fortufio?

D Departamento de Fisica, Universidad del Valle, AA 25360, Cali,
Colombia

2 *Department of Physics and London Centre for Nanotechnology,

King’s College London, WC2R 2LS, United Kingdom
(Dated: 23 October 2020)

The recoil optical force that acts on emitters near a surface or waveguide relies on
near-field directionality and conservation of momentum. It features desirable prop-
erties uncommon in optical forces, such as the ability to produce it via wide-area
illumination of vast numbers of particles without the need for focusing, or being dy-
namically switchable via the polarization of light. Unfortunately, these recoil forces
are usually very weak and have not been experimentally observed in small dipolar
particles. Some works theoretically demonstrate orders-of-magnitude enhancement of
these forces via complex nano-structuring involving hyperbolic surfaces or metamate-
rials, complicating the fabrication and experimental demonstration. In this work we
theoretically and numerically show enhancement of the lateral recoil force by simply
using thin metallic films, which support ultra-high-momentum plasmonic modes. The
high-momentum carried by these modes impart a correspondingly large recoil force
on the dipole, enhancing the force by several orders of magnitude in a remarkably

simple geometry, bringing it closer to practical applications.

) francisco.rodriguez_fortuno@kel.ac.uk
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Optical forces, enabling the manipulation of nanoparticles through light-matter interac-
tions, have allowed important progress in many areas ranging from ultra-cold matter physics
to biology!™°. Most optical forces rely on optical traps, gradients of field intensity created
via focusing, ideal for the precise manipulation of individual nanoparticles, but challenging to
adapt to massively-parallel manipulation of several particles simultaneously. An alternative
approach that overcomes this obstacle is to rely on the scattering of particles under non-
focused plane-wave-like illumination with no intensity gradients. Because light carries linear
momentum, it follows that if a particle scatters light in a given direction, it must experience
a mechanical recoil pushing it in the opposite direction, due to conservation of momentum.
This has been exploited in free-standing particles for applications such as tractor beams'!,

and more recently in particles placed near surfaces or waveguides'?22.

When a particle is
illuminated and there is a waveguide or surface nearby, the near-field scattering fields can
couple into the guided modes of the waveguide or surface modes such as surface plasmons,
which propagate away from the particle and hence impart a corresponding mechanical recoil
to the particle!®!3. This mechanism does not rely on gradients of the illuminating light, and
so it doesn’t require focusing and occurs under plane wave illumination in a wide area. The
directionality of the near-field excitation, required to achieve a net force, can be achieved

by controlling the electric and/or magnetic polarization of the scatterer!>13.

Interestingly,
these optical forces can be controlled using optical degrees of freedom, such as the polariza-
tion of light. Thanks to spin-orbit interaction of light, the polarization state of light may
modify and control the spatial degrees of freedom of light, i.e. its propagation direction and
scattering?. In particular, it is well-known that a circularly polarized dipole or scatterer

14-16 and

near a waveguide will excite waveguide modes directionally in a lateral direction
hence this will result in a recoil lateral optical force whose direction can be flipped by chang-
ing the spin of the circularly polarized dipole!™™. The same recoil optical forces also lead

to lateral Casimir forces on rotating particles near smooth surfaces?.

Despite much theoretical works, these polarization-controlled recoil lateral forces are
very weak under normal circumstances, and their experimental measurement has only been
achieved on large 4.5 pum particles at wavelengths of 532 nm!®, well outside the dipole ap-
proximation, and on macroscopic birefringent objects?*. The lateral force due to near-field
directionality of a circularly polarized scatterer in the dipole approximation, which would

have vast applications on optical manipulation of nanoparticles and molecules, has proven
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too weak for an experimental demonstration to date. However, some works have theo-
retically proposed methods to greatly enhance this force. One approach has been to use
hyperbolic metasurfaces, theoretically predicting an increase on the lateral force by roughly
three orders of magnitude®®. Hyperbolic metasurfaces are planar metamaterials which show

2730 and were experimentally demonstrated using single-

an anisotropic surface conductivity
crystal silver nanostructures®, but such materials are challenging to fabricate in large ar-
eas useful for measurement and application of lateral optical forces, with no experimental

demonstration yet produced of the enhanced force.

Another approach to achieve enhanced lateral forces from circularly polarized dipoles was
theoretically predicted with the use of bulk hyperbolic metamaterials®?. This is different to
hyperbolic metasurfaces because, rather than requiring an anisotropic surface conductivity,
it requires an anisotropic bulk permittivity. Such hyperbolic metamaterials are arguably
easier to produce in large centimeter-sized areas via the use of metallic nanorods or alter-
nating metal-dielectric thin layers®*3%. Circularly polarized dipoles are known to exhibit
directionality near hyperbolic metamaterials?”, where instead of exciting surface plasmons
or single guided modes, they excite combinations of high-wavevector bulk modes forming
subwavelength ‘rays’ inside the hyperbolic metamaterial, but still experience the associ-

ated lateral recoil force. Yet no experimental demonstration of the enhancement has been

achieved in this case either. We believe that a simpler geometry is desirable.

The key feature, common in all the approaches for enhancement of recoil lateral forces, is
the existence of high-wavevector (high-k) modes in the surface or in the bulk. Such modes,
excited by the dipole, possess a huge phase gradient due to the very small wavelength of
the mode, which manifests as a strong recoil force acting back on the dipole. In terms of
momentum conservation, the individual photons or plasmons of the excited modes have a
very large momentum p = hk owing to the large value of k, and hence each produces a
strong recoil ‘kick’ on the particle. This is a similar idea to the concept of a ‘super-kick’
acting on particles placed near vortex beam singularities, in regions where the optical phase
gradient is also huge®. Therefore, for a practical recoil lateral force enhancement, it would
be advantageous to find the simplest structures, easy to reproduce in the laboratory and
commercially, that support modes with very high wave-vector k. The directional excitation
of such modes would then result in an enhanced lateral recoil force. In this work we propose

the use of a very thin metallic slab, known to support short-range surface plasmon with



AlP

Publishing

a dramatically reduced wavelength and correspondingly high k3*2. We theoretically and
numerically prove several orders of magnitude enhancement of the lateral recoil force acting
on circularly polarized emmiters near such thin films.

It is well known that a planar interface between a metal with relative permittivity € and a
dielectric with permittivity e, supports surface plasmon polariton modes (SPPs) with a wave-
vector given by kgpp = ko(e122/(€1+¢2))"/2. If a thick metal slab is sandwiched between two
dielectrics €1 and €3, then, as long as the metal slab is thicker than the plasmon penetration
depth, two surface modes will exist independently in the two interfaces, as shown in Fig.
2. However, if the slab is thinner than the plasmon penetration depth ¢ ~ (1/2)(k3pp —
€2k2)~1/2, then coupling and mode splitting will occur between the two modes, forming two
supermodes with even and odd symmetry in different field components, commonly known
as the long-range (LR) and short-range (SR) surface plasmons®*2| depicted in Fig. 2. The
SR-SPP is highly confined in the metal film and is ignored in many plasmonic applications
due to its high losses and low propagation length — hence its name, however, these are not
limiting factors for the recoil forces that these modes may cause. The thinner the metal
film, the stronger the splitting between the two modes, and the higher the wave-vector up
to which the SR-SPP is pushed into, as shown in Fig. 2, resulting in extremely reduced
modal wavelengths. In this work, as an example, we consider a gold film between free space
and a SiO, substrate. Both materials are widely used in the development of both photonic
and plasmonic structures, operating in a broad frequency spectrum*4*, We have used the

free-electron Drude model fit*® to the dielectric function of gold**.

Knowing that we can achieve high-k modes in thin metallic films, we now study how
these affect the recoil optical forces that act on a nearby circularly polarized dipole, which
in practice can represent any polarizable particle illuminated with polarized light. In Fig. 1
we show two possible illuminations that could be used for the experimental study of lateral
forces: Fig. 1(b) corresponds to a polarized plane wave impacting on the particle at grazing
angle!” while Fig. 1(c) corresponds to a linearly polarized Gaussian focused gaussian beam,
normally incident on the surface, with the particle located slightly away from the beam’s
axis such that the spin induced in the dipolar scatterer excites directional plasmons with
wavevectors pointing away from the beam axis, as proposed in Ref.?’. There are many other
conceivable experimental situations in which the lateral recoil force would exist; as long as the

particle or molecule is small and scatters within the Rayleigh regime, or even a quantum dot

4
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or atom undergoing dipolar transitions, it will behave as a point dipole source placed above
the surface, and hence that is the general model which we wish to study, depicted in Fig.
1(a). Our model purposefully does not include the well-known gradient and pressure forces
of the illumination, which would complicate the analysis because they are dependent on so
many parameters of the illuminating beam. With our dipole model we isolate and distill the
fundamental origin of the lateral recoil force that we wish to explore, making our analysis
general and widely-applicable to more situations, and knowing from past works that the
lateral force dominates over the gradient and pressure forces when the particle is sufficiently
close to the surface!”. Our results are obtained analytically via the exact Green’s function
formalism of a dipole over a surface; using the dipole angular spectrum approach!24649,
Consider an electric dipole source p = (p., py, p») located at ro = (0,0, k), above a metallic
slab of thickness dg.1,, whose surfaces are z = 0 and z = —dg.1,, which has been grown on
a dielectric substrate, as seen in Fig. 1. The dipole is radiating with an angular frequency
w. The time-averaged optical force (F) acting on the dipole can be deduced from first

principles —the Lorentz electromagnetic force acting on the oscillating charges of a dipole

due to the backscattered fields from the surface- and is well-known*®505L Tt is given by
F) =2 ican- 3Re{p;VE;}, where E,, . represents the total electric field minus the self-

fields of the dipole, and therefore includes any back-scattered fields or excited modes on the
surface responsible for the recoil force'?.

Here, we will focus on the x component of the force that acts over a polarized particle,
which following previous works!”, after some mathematical steps and the only assumption

that ¢; is real (lossless upper medium), can be written in a compact manner as:

3 o )
Fw =Py = T dk ., t2kzlhk3, - 1
< > radgy 40077,{' 7TL{ /0 tr€ trr[)[) 3 ( )

where the integration is performed over the normalized transverse wave-vector, k. = ’,:T') S
3wt (|pe |2 +(p:|?)

[0,00], P¥4 = Tomeomicd is the power radiated by the x and z components of the dipole,
ny = /€1 is the refractive index, o, = 7% € [-1,1] is the dipole ‘spin’ along the

y-axis'?, k. = ko(n? — k2)Y/? is the z-component of the wave-vector, kg = 27/X is the
wavenumber of free space, A is the wavelength, and rp, is the well-known Fresnel reflection
coefficient for p-polarization on a slab. In the following results, we will consider the case

that achieves the maximum force along +z: a clockwise circular dipole p = (1,0, —1%),

5
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FIG. 1. Schematic diagram of a circular electric dipole above a thin metallic slab. Two possible
experimental realizations are shown: b) a polarized plane wave illuminating a Rayleigh particle at
grazing angle to the surface and ¢) a linearly polarized Gaussian beam at normal incidence focused

near a particle, which is located away from the beam’s axis.

with o, = 1, which excites modes directionally in the —z direction and experiences the

corresponding recoil directed along +zx.

Let us calculate the lateral force when the dipole is placed near thin metallic slabs. As

one can see in Eq. 1, the high-k modes in the film will manifest themselves as a peak in 7,

3
trs

at a very high value of k. = kspp/ko and will be weighted by &}, greatly enhancing the
lateral force. Let us consider the same thin films as shown in Fig. 2. The exact calculation
of the force (F,) via Eq. 1 is shown in Fig. 3, for varying values of the metal thickness dgap.
The polarization of the dipole is p = (1,0, —i) and it is located at a subwavelength distance
h = 0.009\ over the metallic slab. We notice that the force experiences a dramatic increase
of nearly three orders of magnitude when the thickness of the slab is very thin, reaching an
optimal strength around 0.5 nm. The figure insets also show the magnetic field distribution
(Hy) for three values of the thickness. The directional excitation of guided modes to the
left is observed in each one of these cases, resulting in recoil, but there is a clear distinctive
feature: the wavelength of the plasmon decreases dramatically for the thinner films. This
is as expected due to the short-range surface plasmon having an ultra high k value®*2

as discussed earlier. Such a high k and the associated small wavelength produces a huge
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k= ko (light line)

0.35 1" [RSPP (dyw =5, 2, 0.5 nm)
] air-Au
0.30 rSiOz-Au = 5nm)
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0.20 1

0.15 7
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FIG. 2. Normalized dispersion curves of surface plasmon polariton modes propagating along a gold
slab between air (¢; = 1) and fused silica (3 = 2.11) for three thicknesses dgjap, = 0.5 nm, 1 nm and 5
nm. The corresponding dispersion relation for single interface air-gold and SiO2-gold are presented.
We used the dielectric function of gold as a free-electron Drude model &5 = e —w?2/(w? +iwr™1),
where w, = 9 eV/h, 771 = 0.05 eV/h, and £ = 9. The locations A, B, C correspond to the
SR-SPP mode at a wavelength A = 800 nm.

phase gradient at the location of the dipole, resulting in the increased lateral recoil force, in

accordance with our initial expectation.

As discussed earlier, this has a quantum interpretation: the amount of momentum carried
by each quantized plasmon in the excited plasmonic mode p = hk is proportional to k =
—ksppX, hence, for each excited plasmon with ultra-high momentum, the dipole source must
fulfill conservation of momentum and experience a ‘super-kick’ in the opposite direction. The
fields in the three cases depicted in Fig. 3 are oscillating at the same angular frequency w,
hence the energy carried per quantum E = Aw is the same, while the momentum is much
higher for the thinnest film. For each energy packet transferred to the plasmon mode, the

recoil ‘kick’ experienced by the dipole is far greater in the high-k plasmonic mode.

One may ask what is the theoretical limit of this effect. Can we keep reducing the film
to achieve infinitely higher wave-vectors? Unfortunately, there is an unavoidable limitation.

The larger the propagation wave-vector of the mode becomes, the more confined it is to
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FIG. 3. Left: Thickness dependence of the time-averaged lateral force per unit radiated power
when a circularly polarized dipole, p = (1,0, —i), is emitting with a wavelength radiation of
A = 800 nm over a gold slab. Right: COMSOL simulation of the magnetic field distribution
(Hy) surrounding the dipole for three different slab thicknesses (A) 5 nm, (B) 1 nm, (C) 0.5 nm,
corresponding to the dispersion points in Fig. 2. The dipole is located at a distance h = 0.009A

above the gold slab.

the interface, and the stronger the evanescent decay into the dielectric. This will reduce
the coupling efficiency between the dipole and the mode. In the quantum picture, fewer
energy packets will be excited by the dipole to produce the super-kick. This theoretical
limitation applies to any proposal based on high-k modes, such as the existing proposals
based on hyperbolic materials. It also leads to an interesting optimization problem that can
be treated quantitatively: the coupling strength decrease due to the evanescent character of

the mode is mathematically accounted for on Eq. 1 by the exponential decay term e*#=1" =

e~ 2hko(kE—=2)'/* ingide the integral. This term dampens the peak in rpp(ker) that occurs at
ktr = kspp/ko > 1 due to the SPP. This dampening trades off against the cubic enhancement
of the term k3 | resulting in the existence of an optimal thickness of the metallic layer, clearly
depicted in Fig. 3 as point C. In fact, this optimal thickness will depend on the distance h
between the dipole and the surface. We can better observe this in Fig. 4 where we have
calculated the optimal thickness of the metallic slab that guarantees the highest value of
the force when the dipole is located at a varying distance h from the slab (solid line). The
value of optimal thickness dg.p is included as red labelled dots, and its dependence with

the distance h is clearly visible. This optimized force curve can be compared to the case of

using a bulk plasmonic material (dashed lines) equivalent to a thick slab, which in practice

8
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happens as soon as the slab is thicker than the SPP penetration depth. The comparison
in Fig. 4 provides clear evidence that the force is enhanced by a few orders of magnitude,
simply by using an appropriately thin slab, instead of a non-optimized thick slab or bulk
material as studied in previous works. The greatest enhancements are achieved when the
dipole is placed very close to the surface, therefore the technique will work best for atoms

and molecules, which can be placed at distances of hundredths of a wavelength or less.

—— Optimal thickness = = dgjgp—©
10°

104

10°+

rad

104

X

(F)IP

1074
10+

10+

1 10 100 1000
h (nm)

FIG. 4. Distance dependence of the the time-averaged lateral force per unit radiated power when
a circularly polarized dipole, p = (1,0, —:), is emitting with a wavelength radiation of A = 800
nm over a gold slab. The solid line corresponds to the optimal thicknesses of the metallic slab
that guarantees the greatest enhancement of the force, while the dashed line corresponds to a non-
optimized thick slab. The optimal thickness varies with the height of the dipole, and is indicated

as labelled red dots.

In view of an experiment, the fabrication is simpler than that of hyperbolic metamaterials
and metasurfaces, but still faces some challenges. The enhancement of the force relies on
the extremely small wavelength and high-confinement of the modes to the surface, hence
the mode will be highly susceptible to surface roughness. The aim is, therefore, a very
thin and smooth film. While in our calculations we used gold as the archetypal plasmonic

material, the physics is identical for any plasmonic alternative, such as most metals, some
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semiconductors, conductive metal oxides such as indium-tin-oxide (ITO), and others®®. The
choice of material should be decided by the ease of fabrication of smooth thin films and the
desired wavelength of operation. Even the use of plasmonic 2D conductive materials such

as doped graphene could be considered.

In conclusion, we have theoretically shown several orders of magnitude enhancement
of the lateral recoil optical forces with the use of a simple system: thin plasmonic films
supporting an ultra-high-k hybridized super-mode, which is reached when a dipole is placed
very close to the surface. The proposed geometry is simpler than hyperbolic metasurfaces
or metamaterials, and is suitable for fabrication on wide areas, and hence this increases the
prospects of observing these lateral forces experimentally and brings the force a step closer
to applications such as the development of efficient platforms for optical manipulation of
nanoparticles, atoms and molecules in optical ‘conveyor belts’ relying on lateral forces, or
manipulation and separation of chiral nanoparticles. The recoil force on circular dipoles is
directly responsible for the lateral Casimir force acting on rotating particles near a smooth
surface?®, hence the enhancement presented here directly translates into a corresponding
enhancement of lateral Casimir forces.

We acknowledge the financial support from the Colombian agency COLCIENCIAS (Post-
doctoral stays - No. 811) and the European Research Council Starting Grant ERC-2016-
STG-714151-PSINFONI.

The data that support the findings of this study are available from the corresponding

author upon reasonable request
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